A new mechanism for negative differential resistance (NDR) originating from local orbital symmetry matching between an electrode and a molecule in a single molecular electronic device is proposed and demonstrated by a joint experimental and theoretical scanning tunneling microscope study of a cobalt phthalocyanines (CoPc) molecule on a gold substrate. For two different metal tips used, Ni and W, NDR occurs only with Ni tips and shows no dependence on the geometrical shape of the tip. Calculations reveal that such a behavior is a result of local orbital symmetry matching between the Ni tip and Co atom. DOI: 10.1103/PhysRevLett.99.146803 PACS numbers: 85.65.+h, 73.63.ÿb, 68.37.Ef Negative differential resistance (NDR) is a key ingredient of molecular electronic devices [1] , which often results from the interaction between two localized narrow energy states [2] or chemical changes in the molecule involving reaction processes [3, 4] . NDR has been observed in scanning tunneling microscopy (STM) measurements for various systems [2, [5] [6] [7] [8] [9] , in which the localized narrow energy state of the electrode is generated, for instance, by apex atoms on an atomic sharp STM tip [2, 5] , molecules and clusters with featured energy states [6 -8], or mediated by vibrational states of molecules [9] . We introduce here a new approach, based on the concept of local orbital symmetry matching, which can produce NDR with a nonatomic sharp or even flat STM tip. In this case, NDR always appears at a well-defined bias where a spatially localized orbital component in a broad energy band of the tip matches the symmetry of a molecular orbital. This occurs irrespective of the actual physical shapes of the tips, in stark contrast to the conventional mechanisms reported so far [2 -9]. This new approach provides an effective way to precisely control the functionality of a molecular device and challenges the traditional view that only considers the tip-molecule interaction as a structureless potential barrier.
Negative differential resistance (NDR) is a key ingredient of molecular electronic devices [1] , which often results from the interaction between two localized narrow energy states [2] or chemical changes in the molecule involving reaction processes [3, 4] . NDR has been observed in scanning tunneling microscopy (STM) measurements for various systems [2, [5] [6] [7] [8] [9] , in which the localized narrow energy state of the electrode is generated, for instance, by apex atoms on an atomic sharp STM tip [2, 5] , molecules and clusters with featured energy states [6 -8] , or mediated by vibrational states of molecules [9] . We introduce here a new approach, based on the concept of local orbital symmetry matching, which can produce NDR with a nonatomic sharp or even flat STM tip. In this case, NDR always appears at a well-defined bias where a spatially localized orbital component in a broad energy band of the tip matches the symmetry of a molecular orbital. This occurs irrespective of the actual physical shapes of the tips, in stark contrast to the conventional mechanisms reported so far [2 -9] . This new approach provides an effective way to precisely control the functionality of a molecular device and challenges the traditional view that only considers the tip-molecule interaction as a structureless potential barrier.
We have performed experiments with a low temperature STM (Omicron) on a monolayer of cobalt phthalocyanines (CoPc) molecule adsorbed on a Au(111) surface in vacuum under a base pressure of 3:0 10 ÿ11 Torr at 5 K. The experimental details have been described in our previous work [10] . Chemically etched W tips (made of polycrystalline wire of 0.25 mm from Goodfellow) and Ni tips [made of (111) single crystal wire of 0.25 mm from Mateck, GmbH] were used, following the etching method described in Ref. [11] . The tips were cleaned by circular Argon ion sputtering at 800 -1000 V for about 5-10 min and by field emission lasting for about 30 s around ÿ100 V (sample bias) with emission current of 2 A in each cycle. The STM topographs for W tips and Ni tips are not distinguishable from each other, as demonstrated in Fig. 1(a) . The electronic structures of the CoPc and its interactions with the gold surface are well understood and documented [10] . The only adjustable parameter in the experiment is the STM tip. The high resolution image of the CoPc molecule taken at ÿ0:7 V sample bias voltage is shown in the inset of Fig. 1(a) . It exhibits a four-leaf pattern with a pronounced high protrusion in the central region.
The distance is about 1.4 nm between two ligands in opposite directions. The protrusion is found to stem from the localized d orbitals of the Co atom in the middle of the CoPc molecule, and each leaf is mainly contributed by ligands around the Co atom.
We first measure the scanning tunneling spectra of the CoPc on the Au(111) surface by placing the W tip on top of the Co atom. The obtained I-V curve, as illustrated in Fig. 1(b) , exhibits monotonic behavior similar to what has been observed in our previous studies [10] . Under the same experimental conditions, we repeat the measurements with the Ni tip. An apparent NDR effect appears in the I-V curve (curve A) at the negative bias voltage, with a maximum current (I max ) at ÿ0:87 V and a minimum current (I min ) at ÿ1:34 V, respectively. The NDR effect is sensitive to the offset from the Co atom. A slight increase of the tip offset from the Co atom can smear out the NDR effect, as demonstrated by curve B. Furthermore, a normal monotonic behavior is recovered for the I-V curve (curve C) when the Ni tip is placed above the benzene ring of the CoPc molecule. In some of 10 Ni(111) tips used in measurements, about half of them are well treated [see the inset of Fig. 1(b) ], and lead to the robustly reproducible phenomena stated above in several tens of CoPc molecules with set point conditions varying in range of 0.5-2 V and 0.05-30 nA, as shown in Fig. 1(c) . It is noted that NDR occurs at the same position but with slight variation in I max =I min ratio when different Ni tips are used. The NDR ratio (I max =I min ) does not change with respect to the ap-
plied electrical field or vertical tip-sample distance [inset in Fig. 1(c) ]. In contrast, when we purposely had the tip slightly touching the gold substrate to randomly change the tip condition at the apex, we occasionally observed NDR with both W and Ni tips over the Co atom and even the benzene part of the CoPc molecules. However, not only did the NDR peak positions vary from one tip to another, but their images and the feature of the I-V curves also depended on the electrical field applied. Hence, we believe that the robustly constant NDR peak positions shown in Figs. 1(b) and 1(c) can be attributed to the intrinsic property of the well treated Ni(111) tips, rather than an effect related to the migration of gold atoms to the tips. We have found in our previous study [10] that the CoPC molecule is very stable on the gold surface under the present experimental conditions. The possible chemical changes in the molecule induced by the reaction processes [3, 4] can thus be ruled out.
It is well-known that in a molecular system the NDR behavior can occur when there is resonant energy matching between a discrete level or a very narrow band of the electrode and a molecular orbital of the molecular sample [2, 5] , or intramolecular orbital matching [6 -8] . However, both Ni and W electrodes are not narrow band materials. Because all NDR effects obtained from different tips appear at the same energy positions, we can further rule out the contributions from the possible impurity states caused by the roughness of the tip surface. One noticeable difference between the Ni and the W tips could be the organization of their electronic bands and their spatial distributions, for which we have performed first principles calculations.
The electronic structures of the tips and the molecule adsorbed on the Au surface were calculated using the density functional theory (DFT). For the tips, we used a model of (111) surface consisting of a (3 3) supercell with 6 atom layers. The Au(111) substrate was described by a slab model containing 3 layers with 56 gold atoms per layer and 7 vacuum layers which should be large enough to eliminate slab-slab interaction. A CoPc molecule was placed parallel to the Au surface [10] . All calculations were carried out using DMOL [3] package [12] with the Vosko-Wilk-Nusair local correlation functional [13] and the density functional semicore pseudopotential generated by fitting all-electron relativistic DFT results were used. The basis set consists of double numerical atomic orbitals augmented by polarization functions. For a comparison, STM tips of (111) surfaces consisting of a (3 3) supercell with 5 atom layers plus a four-atom pyramid cluster adsorbed on these atom layers were also calculated. The calculations gave similar results as described for the flat tips, indicating that the shapes of the tips do not affect the results.
The observed NDR behavior occurs in the part of negative sample bias voltage. We therefore focus our discussions on the occupied states of the molecular sample and the unoccupied states of the metal tip. Partial density of states (PDOS) of Co, C, and N atoms in the CoPc molecule adsorbed on the Au(111) substrate are shown in Fig. 2(a) . It can be seen that the PDOS of the Co atom are dominated by its 3d orbitals. Below the Fermi energy (0 eV) there are three peaks in the DOS of the Co atom that can be assigned to the d orbitals of different spatial symmetry: d x 2 ÿy 2 xy , d xzyz and d z 2 which are located at ÿ1:32, ÿ0:69 and ÿ0:14 eV, respectively. One notices that the narrow peak at ÿ0:69 eV is much stronger than others, which could contribute to the NDR observed at ÿ0:87 V, considering its energy position. The isosurfaces of charge density of three d orbitals are given in Fig. 2(c) . 
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The calculated DOS of the Ni and the W tips are plotted in Fig. 2 We have simulated the STM I-V curves using the Fermi golden rule with modified Bardeen approximation [14] , i.e.,
where E F is the Fermi energy, is the DOS, the indices s and t represent the tip and the sample, respectively. M st is the tunneling matrix element between the tip state ' t and the sample state ' s .
M st X m s ;m t C m s C m t M m s m t ;
where . Such a result is caused by the spatial-symmetry mismatching between orbitals of different magnetic numbers. This allows further simplifying the calculations for the STM current, for which only the interaction between orbitals of the same magnetic number needs to be considered.
The I-V characteristics contributed from three d orbital components of the Ni tip are shown in Fig. 3(a) . Their behaviors can be easily understood based on the DOS of the Co atom and the Ni tip as shown in Fig. 2 . The d x 2 ÿy 2 xy orbitals have a relatively large contribution in the DOS of the Co atom at ÿ1:3 eV, but a very small contribution to the DOS of the Ni tip in the corresponding energy region. It results in a small current flowing through this channel and shows no NDR effect. Because of the similar reasons, the conducting channels involving of the d z 2 orbitals also provide a small current, but a weak NDR with I max at about ÿ0:25 V. This NDR effect can be attributed to the resonant tunneling between the weak d z 2 peak in the DOS of the Co atom at ÿ0:1 eV and the d z 2 orbitals of the Ni tip. It is not surprise to see that the d xzyz orbitals form dominate conducting channels for the electron transport in the device since they contribute strongly to the DOS of both the Co atom and Ni tip. Moreover, a very strong NDR behavior with I max at about ÿ0:9 V is found which is primarily induced by the peak in the DOS of the Co atom at ÿ0:69 eV. The inset of Fig. 3(a) shows the result of total current with the Ni tip over point A in comparison with the Ni tip over points B and C [marked in Fig. 1(b) ], in which a strong NDR behavior with maximal current at ÿ0:88 V is only preserved when the Ni tip over point A. A series of I-V curves with different tip-molecule distance have been cal- Fig. 1(b) ], respectively, are given in the insets. culated, shown in Fig. 1(d) , which gives good agreement with the experimental counterparts illustrated in Fig. 1(c) . A distance of 0.76 nm between the tip and the molecule was used in the simulations in Fig. 3 . The same analyses have also been applied to the case of the W tip, and the results are shown in Fig. 3(b) , with the behavior as expected from the DOS of the Co atom and the W tip. The total I-V curve shown in the inset of Fig. 3(b) is also consistent with the experimental observation. Since the magnetic property of Co in CoPc is quenched by the gold substrate [10] , our calculations show that the Co atom does not contribute a net spin polarized current; thus, the spinrelated effects [15] on the transport may be ruled out. Although there is a peak in the C-related PDOS, it is contributed by some delocalized states involving all carbon atoms in the CoPC molecule. At a specific C site, the contribution of this peak to the STM current should be very small. The simulated I-V curves with both Ni and W tips on top of the benzene part as given in the insets of Fig. 3(a) and 3(b) , respectively, do not show any NDR effects, in agreement with the I-V curves measured over the point C. The orbital presentation of the electron transport process is schematically illustrated in Fig. 4 for the device with the Ni tip.
This joint experimental and theoretical study has led to a discovery of a new mechanism for NDR in single molecular devices. It shows that even for a continued energy band, one can take advantage of its spatial discreteness to control the electron transport through the device. This new mechanism emphasizes the spatial resonance and local symmetry matching of the electronic bands in the different parts of the device, rather than the actual geometrical shape of the electrodes. It can thus simplify the design of electrodes in molecular devices. It is also interesting to note that our analysis is consistent with the frontier orbital picture that is often used to describe the chemical bonding in extended structures [16] . Our study seems to indicate that even for a nonchemically bonded molecule-metal system, the frontier orbital approach can provide insightful information about molecule-metal interaction.
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